After absorption from the small intestine, the long-chain fatty acids of dietary origin enter the blood primarily as glycerides in chylomicrons. The removal and subsequent distribution in tissue of triglyceride fatty acids (TGFA) in chylomicrons has generally been studied after intravenous administration of isotopically labeled lymph chylomicrons (1-7). Borgstrbm and Jordan have shown that chylomicron triglycerides enter the liver without prior hydrolysis, and have proposed that under physiologic conditions the liver is the principal site of chylomicron removal (6) . They have interpreted the time course of the deposition of chylomicron TGFA in adipose tissue to indicate that these fatty acids are derived from lipoproteins previously synthesized in the liver. On the other hand, a very considerable portion of radioactivity is found in adipose tissue soon after infusion of labeled chylomicrons, especially in rats fed carbohydrates (4) , and chylomicron removal proceeds efficiently even in hepatectomized dogs (7) .
To evaluate the relation of the liver to extrahepatic tissues with respect to chylomicron removal in the intact animal, we have measured the flux of radioactivity derived from chylomicron TGFA through the liver to determine the extent to which the radioactivity of triglycerides leaving the liver might account for the activity found in extrahepatic tissues, particularly adipose tissue.
We have also attempted to evaluate this problem by labeling the chylomicron TGFA with both C14 and I'31. Since I'31-labeled fatty acids are partially de-iodinated in the liver (8) possible that TGFA derived from chylomicrons and very low density lipoproteins of hepatic origin could be differentiated.
METHODS
A dog's thoracic duct was cannulated. On the following day the dog was given 300 ,uc of sodium palmitate-1-C'4 (Research Specialties Co., Richmond, Calif.) and 1 mc of sodium oleate-I1'" (Abbott Laboratories, North Chicago, Ill.) with 10 g of milk fat. Chyle was collected for 8 hours and stored at 40 C for as long as 1 week. The chylomicrons were separated just before use by placing the chyle in a layer under 0.15 M saline and centrifuging at 20,000 rpm for 30 minutes in the 30 rotor of a Spinco Model L ultracentrifuge. They were collected with the aid of a tube slicer and then resuspended in saline.
Four male dogs, weighing 8 to 16 kg, were the recipients. Two were fasted for 36 hours ("fasted'), and the other two were fed normally and then given an additional 10 g glucose intravenously for the 2 hours preceding the experiment ("fed"). They were anesthetized with Nembutal (pentobarbital sodium, Abbott), 30 mg per kg intravenously, and their blood pressure and pulse rate were continuously monitored through a catheter in a femoral artery. A midline laparotomy was performed. Chylomicrons were infused intravenously at a constant rate of about 4 mg per kg body weight per minute for 45 minutes. During the infusion, samples of blood were collected into chilled, heparinized tubes at 5, 15, 30, and 45 minutes. Specimens of liver and omental adipose tissue were obtained at the same times. Bleeding from liver biopsy sites was kept to a minimum by application of Gelfoam (Upjohn) soaked in thrombin solution. The tissues were weighed and homogenized at once, and the lipids were extracted in alcohol-acetone 1: 1 by volume. At the end of each experiment, the liver was removed and weighed.
Plasma lipoproteins were separated into a creamy supernatant layer of chylomicrons and very low density lipoproteins ("top") and an infranatant layer containing the other lipoproteins ("bottom") by centrifuging plasma at a density of 1.006 for 16 hours at 115,000 X G in the 40 rotor of a Spinco Model L ultracentrifuge at about 100 C. The two fractions were separated with a tube slicer. The lipids were extracted from the top fractions in chloroform-methanol 2: 1 by volume, which was sepa-
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Downloaded from http://www.jci.org on June 29, 2017. https://doi.org/10.1172/JCI104648 rated into a two-phase system by the addition of volume 0.02 N HCL. The bottom fractions were extracted according to the method of Davis (9) and then further separated into triglycerides and free fatty acids (FFA) by the method of Borgstr6m (10) .
Portions of the lipid extracts of the liver and of the top fractions of plasma were separated into triglyceride and phospholipid fractions on silicic acid columns (11) . Radioactivity and glyceride gycerol concentration were measured on the triglyceride fraction.
Since adipose tissue lipids consist almost entirely of triglycerides, radioactivity was measured on portions of the whole extracts without further separation.
Glyceride glycerol was measured by the method of Carlson (12) and FFA by the method of Dole (13 (Figure 1 ).
The fraction of the infused chylomicron TGFA radioactivity that was removed from the plasmathe difference between total infused radioactivity and total plasma radioactivity-remained fairly constant and was distributed in liver and adipose tissue in the percentages shown in Table I and Figure 1 . These values have been calculated with the assumption 1) that there is an even distribution of radioactivity throughout the liver, 2) that adipose tissue represents 5 per cent of body weight, and 3) that plasma volume represents 5 per cent of body weight. In three of the experiments, radioactivity in hepatic TGFA remained a reasonably constant proportion about one-third of the radioactivity that was being removed from plasma. Since the concentration of TGFA in the liver did not vary greatly throughout the infusions (Table  II) , the linear increase of the specific activity of hepatic TGFA reflected the rise in their radioactivity. Radioactivity in the phospholipid fractions constituted about one-tenth of the total radioactivity in hepatic lipids.
In dogs 2 and 3, a fairly constant fraction of radioactivity removed from plasma was taken up by adipose tissue; in dogs 1 and 4 this fraction increased with time. This was not related to the nutritional state of the animals. In two of the dogs, radioactivtiy in perirenal and subcutaneous adipose tissue was approximately half that in omental adipose tissue at the end of the experiments.
At any one time the total radioactivity in plasma, liver, and adipose tissue rarely exceeded 75 per cent of infused radioactivtiy; the rest had presumably been oxidized or deposited in other tissues, for example, muscle.
The specific activity of plasma FFA rose steadily with time. At the end of 45 minutes, it was almost half that of the infused chylomicrons ( Figure 2 Since the increase in specific activity of hepatic TGFA was reasonably linear, mean specific activities could be calculated for each sampling period. The radioactivity leaving the liver over any given period was calculated from the product of the mean specific activity and the turnover rate of hepatic TGFA. It was then possible to determine the extent to which the radioactivity leaving the liver could account for the radioactivity in compartments other than liver and plasma.' The 1 Hepatic TGFA in rats (15) and rabbits (11) do not consist of a homogeneous pool, so that in our experiments, chylomicron TGFA could have entered a small pool within the liver, which delivers TGFA back into the blood rapidly in relation to their rate of equilibration with the bulk of hepatic TGFA. This would cause us to underestimate the rate of extrahepatic transport of these TGFA. If this were so, radioactivity should have accumulated in hepatic TGFA at a progressively increasing rate, and the calculated turnover rate should have fallen progressively with time. In fact, the rate of increase of radioactivity was practically linear with time, and the turnover rates calculated at different times during the experiment varied little. It is also of interest that the turnover rates were similar in spite of widely varying hepatic content of TGFA (Table III) , a similarity that would be unlikely if the turnover rate of TGFA derived from plasma chylomicrons were inde- The ratios for TGFA of the infused chylomicrons and the plasma top fraction are similar. The ratios for the hepatic TGFA are higher and indicate that de-iodination had taken place during hepatic metabolism of the chylomicrons. The ratios in lipids of adipose tissue, however, are even higher, while those for plasma FFA are considerably lower and resemble much more closely those for plasma chylomicrons.
DISCUSSION
During a constant infusion of a moderate load of chylomicrons, the TGFA of liver contained a constant proportion of about one-third of the radioactivity removed from plasma. Since chylomicron radioactivity was being infused at a constant rate, and since the proportion of the total infused radioactivtiy that had left the plasma was also constant at all times measured during the experimental period (Figure 1) , it follows that the rate of uptake of TGFA radioactivity by liver and other tissues did not increase despite a progressive increase in the concentration of TGFA in plasma. This suggests that under the conditions of these experiments, a maximum rate of uptake of TGFA by the liver and other tissues was reached by 5 minutes, when the first measurements were made. The actual mass of TGFA taken up by the liver is difficult to establish precisely. Since the mean turnover rate of hepatic TGFA in the 4 dogs was 1,100 mg per hour and since the concentration of TGFA within the liver did not rise during the infusions, it is apparent that uptake of fatty acids from all sources by the liver could not have greatly exceeded 1,100 mg per hour. Chylomicron TGFA were infused at an average rate of 3,300 mg per hour. Thus only about onethird of these TGFA could have been taken up by the liver. This is consistent with the finding that about one-third of the radioactivity removed from the plasma was in the liver. A portion, however, of the TGFA removed from the hepatic TGFA compartment was derived from plasma FFA (11) , so that the amount of chylomicron TGFA removed by the liver must have been less than 1,100 mg per hour.2 Moreover, if in addition 2 An estimate of the quantity of hepatic TGFA derived from plasma FFA is provided in the following calculation. The mean plasma FFA concentration in the dogs was 0.5 mmole per liter and the mean plasma volsome of the radioactivity in the liver represented exchange of labeled TGFA between the plasma and liver compartments, then the net removal of chylomicron TGFA by the liver would have been still less than that calculated from the turnover rate. The rapid transfer of TGFA radioactivity between the liver and very low density lipoproteins of plasma (11) and the similarities between the metabolism of TGFA of very low density lipoproteins and chylomicrons (11) suggests that some exchange between hepatic and chylomicron TGFA did occur.
The estimate of 2 per cent at 5 minutes and 15 per cent at 45 minutes that is considered to represent the proportion of extrahepatic radioactivity derived from hepatic TGFA can only be an approximation. It is unlikely that all of the radioactivity leaving the hepatic TGFA compartment was delivered to other tissues, since a significant proportion of hepatic TGFA turnover occurs within the liver itself, by oxidation or incorporation into other lipids.
The calculation that only 6 per cent of adipose tissue radioactivity could have been derived from hepatic TGFA at 5 minutes was based on the assumption that the magnitude of uptake of TGFA was uniform throughout adipose tissue. That this was not so was demonstrated in two experiments in which the uptake of radioactivity by omental fat was found to be twice that of perirenal and subcutaneous fat.
It is apparent that the major proportion of chylomicron radioactivity enters adipose tissue and probably certain other extrahepatic tissues directly. This is consistent with the presence of lipoprotein lipase in several tissues (16) , since this enzyme appears to facilitate the removal of TGFA from the blood.
The proportion of the radioactivity removed from plasma and found in adipose tissue remained constant in two dogs, but increased substantially with time in the other two. The deposition of radioactivty in adipose tissue was not influenced ume was 0.6 liter. Assuming 1) that the fractional turnover rate of plasma FFA was 20 times per hour, 2) that one-third of plasma FFA entered the liver (11), and 3) that two-thirds of these FFA were converted to TGFA (11), then 0.5 X 0.6 X 20 X % X %, or 1.33 mmoles, or approximately 360 mg, of TGFA are derived from plasma FFA each hour.
by the nutritional state of the animals, a finding at variance with that of Bragdon and Gordon (4) . This may have been due to species difference or to inadequate preparation of our animals.
These studies have confirmed the findings of Van Handel and Zilversmit (8) that J131-labeled fatty acids are partially de-iodinated in the liver. A further finding was that an even greater degree of de-iodination occurs in adipose tissue. Therefore this part of the study provided no information about the immediate source of adipose tissue radioactivity. Since the C14: 1131 ratios of the plasma FFA resembled those of plasma chylomicrons much more closely than those of adipose tissue, it is probable that most of the recycled FFA during this period was derived directly from the hydrolysis of plasma chylomicrons rather than from a pool in adipose tissue. On the basis of a comparison of specific activities of plasma FFA and adipose tissue FFA, Havel and Goldfien (7) concluded from a similar experiment that the labeled recycled plasma FFA were not derived from a single fatty acid pool in adipose tissue. Their results and those of the present study are consistent with the hypothesis that triglycerides are hydrolyzed by lipoprotein lipase before their constituent fatty acids enter the cells. The precise location of hydrolysis is uncertain, but experiments in animals (17) and in man (18) suggest that it is closely related to the capillary bed.
The extent of recycling of radioactivity in FFA was greater than that observed by Fredrickson, McCollester, and Ono (5) during a constant infusion of chylomicrons, but in their single experiment less fat was given.
The proportion of radioactivity removed from plasma and not found in liver and adipose tissue, "the remainder" (Figure 1 ), represents several pathways of TGFA metabolism. This proportion remained fairly constant during the study.
SUMMARY
During a constant 45-minute infusion of a moderate dose of chylomicrons into 4 dogs at a rate designed to simulate conditions of normal fat absorption, the triglyceride fatty acids (TGFA) of liver constantly contained about one-third of the radioactivity removed from plasma. Adipose tissue contained a fifth of the removed radioactivity, and it was assumed that oxidation and deposition into other extrahepatic tissues accounted for the remainder. The findings in two fasted dogs did not differ from those in two that had been eating normally and that received an infusion of glucose immediately before the chylomicrons.
The mean turnover rate of hepatic TGFA during the infusions was 1,100 mg per hour. From calculations based on this turnover rate and the concentration of radioactivity in liver and other tissues, we estimated that no more than 2 per cent of the radioactivity deposited in lipids of extrahepatic tissues during the first 5 minutes could have been derived from hepatic TGFA radioactivity, and no more than 15 per cent during the subsequent 40 minutes. It is concluded that under conditions simulating the physiologic rate of influx of chylomicron lipid into the circulation, most of this lipid is removed directly by extrahepatic tissues.
